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(54) Beamformlng communications 

(57) HF aerials for ship-shore communications consist of 
spaced dipofe arrays, 22. By appropriate adaptive phasing 
very high gain HF aerials are formed. On transmission a 
feedback signal is required from the receiver 24, otherwise 
similar algorithms are used to control the beamforming. A 
random phase algorithm (Fig 7) has been devised for the 
phases applied to the array aerials, operating in four 
tranches of 100 iteration steps with progressively reduced 
maximum phase variation. The initial step has a phase 
variation in the range ±1 60°. The algorithm has the 
advantage that there is a high probability that a relatively 
high gain beam will be immediately formed in the required 
direction and thus the system can quickly settle towards a 
direction where the signal is weak. When in the transmit 
mode the receiver returns a signal to the transmitter giving 
the step number of the random phases which gives the 
maximum received signal. A decision tree algorithm may 
be used in one direction of communication, (Fig 4). 
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Ada ptive Antenna Arrays jar HE fiaflia Fegmfonnipq £gii gunicatipps 



The invention relates to antennas for HF radio transmission and 
reception and in particular to adaptive antenna arrays. 

It is generally accepted that there are advantages in using greater 
transmitter power for HP radio communications since it will normally improve 
the quality* performance/ availability and the range of a particular link. 
These improvements can be achieved because the received signal will be less 
susceptible to interference and some of the normal fading characteristics 
associated with radio propagation. These advantages may, however* not 
always be worthwhile* particularly on ships and aircraft/ because co-site 
interference and inter-modulation products (rusty bolt) can drastically 
reduce the overall cannunications effectiveness of the platform by 
prohibiting simultaneous reception of incoming signals on other radio 
frequencies over a much greater bandwidth. 

Additionally/ and perhaps sometimes more importantly/ any increase 
in transmitter power of the platform's emissions will increase the 
vulnerability to interception and location/ and thereby increase the threat 
of electronic counter-measures. Increasing the transmitter power in order 
to improve communications may therefore not be beneficial from the wider 
viewpoint although it is accepted it may be the only option on particular 
occasions. Normally/ therefore/ it is more advantageous to use a signal with 
a waveform which has some degree of inherent protection against interf erence 
and propagation anoroolies etc. This could include Error Detection and 
Correction (EDAC) / frequency diversity and adequate frequency management 
(either automatic or manual) . 

An example of a communications system using both frequency and time 
diversity is described in GB Patent NO 2092415. Frequency management to 
mitigate the effects of channel interference can be achieved by using 
ionospheric sounders to measure the characteristics of the transmission path 
as described in GB Patent Application No 0525105 or by means of suitable noise 
sampling of cannunications channels in a frequency diversity system coupled 
with a suitable algorithm for combining redundant low noise channels as is 
described in the above mentioned GB Patent No 2092415. Using these and other 
signal processing techniques it is possible to improve the performance of 
most cannunications links without using larger transmitter powers although 
all of them may reduce the through-put rate of the channel and increase the 
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ccn£xLexity and cost of the radio systems. 

An alternative method for improving cotmunicationsf which has none 
of these disadvantages/ is to use high gain directional antennas since the 
Effective Radiated Power (ERP) can be significantly greater than the mean 
transmitter power being emitted. Under these circumstances the co-site 
interference problem can be the same or less than before but the pcwer of the 
transmitted signal can be much greater. For ship to shore ccnmunications/ 
for example/ the shore transmitter power need only be 100 W to send a signal of 
greater than 10 Rw to a ship at sear if the directional gain of the shore 
antennas is >20 dB. Similarly* transmission signals from ships can be 
enhanced by using directional receiving antennas at the shore receive siter 
to inprove the quality of the ship to shore link. 

In both cases the improvement is achieved by 1 focusing' the antenna 
gains in a specific direction and elevation, in generalr the radiated 
beanwidth will become much more narrow/ (in direction and elevation) / as the 
gain and frequency are increased. 

There would therefore also be considerable operational advantages if 
ships could also generate these high gain directional beams because the 
threat by jamming and interception could be considerably reduced for both 
ship/ship and ship/ shore cannunications. At present the only method 
available to produce a direction beam of modest gain at HF is to use a log 
periodic antenna or something similar. This type of antenna is already being 
widely used on shore based stations because they are a cost effective solution 
for improving communications. Unfortunately these antennas are very large 
structures at HF frequencies and cannot be moved to change the transmission 
(or reception) direction. To overcome this problem three or more antennas 
are normally used to provide complete 360o directional coverage/ albeit at 
reduced gain at sane specific directions because of gaps in the overlapping 
coverage. Another limitation with this type of antenna is the inability to 
vary the elevation angle of the beam because this/ as well as direction/ is 
wholly dependent on the physical characteristics of the antenna. Moreover 
the maximum gain will also vary (as will its elevation angle) with the signal 
frequency. These factors will drastically reduce the effective gain of the 
antenna at the required signal elevation and direction. In addition/ these 
antennas can only be erected on land using a large clear site and a good ground 
plane/ because local obstructions or superstructures will deflect the beam 
and reduce the ERP gain. 
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-me object of the present invention is to provide a transmitter 
and/or receiver in a high frequency conmunications system with a capablity of 
producing a high gain directional beam or polar response curve for 
transmission and/or reception when coupled to an antenna array. 

Ohe invention provides in one form a communications equipment 
including an adaptive transmitter beamf orming equipment for connection to an 
array of antennas in a high frequency communications system comprising: 

a) a high frequency transmitter having an input for receiving a test signal 
to be transmitted and an output arrangement for providing a plurality of 
identical signals for transmission; 

b) means to independently adjust the phase of each output signal; 

c) means for connecting the phase-adjusted signals to respective antennas 
in the array; 

d) means to initialise the phases to zero; 

e) means to randomly set the phase of each output signal within 
predetermined limits of the initialised phases; 

f ) means to repeat step d) a number (N) of times; 

g) remote receiver means to determine which one of the random phase sets (N) 
produces the maximum received signal and to produce a coded signal 
representative of that one number; 

h) means to transmit the coded signal to the high frequency transmitter; 

i) means to decode the number signal and to initialise the phases to the 
phase set producing the maximum signal at the remote receiver; 

j) means to set a lower predetermined limit for the phase adjustments; and 
k) means to repeat steps e) to j) to successively improve the focus of the 
transmitter beam towards the receiver. 

The invention provides in a further form an adaptive receiver 
beamforming equipment for connection to an array of antennas in a high 
frequency communications system comprising: 

a) a high frequency receiver having a plurality of inputs for receiving 
signals produced by respective antennas in the array in response to a renote 
transmission; 

b) means to independently adjust the phase of each antenna signal; 

c) means for connecting the phase-adjusted signals to the receiver; 

d) means to initialise the phases to zero; 

e) means to randomly set the phase of each output signal within 
predetermined limits of the initialised phases; 
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f ) means to repeat step d) a nuntoer (N) of tiroes; 

g) means to determine which one of the random phase sets (N) produces the 
maximum received signal; 

h) means to initialise the phases to the phase set producing the maximum 
received signal; 

i) means to set a lower predetermined limit for the phase adjustments; and 
j) means to repeat steps e) to i) to successively focus the receiver beam 
towards the transmitter. 

Preferably the arrays for transmission and/or reception are formed 
from a plurality of wideband dipoles or monopoles. 

In preferred arrangements the number of steps (N) in each iteration 
phase is 100 and the limits for the phase adjustments in the iteration phases 
are successively set at £L80o ; +900; ±600 and ±40©. 

Advantageously a ccatmunications system will include an adaptive 
antenna array for both transmission and reception. The arrangement may be 
such that the random phase beamf ormer is used for one mode/ transmission or 
reception* and a decision tree beamformer is used for the second mode. 

When used for adaptive array transmission the remote receiver 
includes: 

a signal discriminator selectively responsive to the transmitter test 
signals and the remote receiver transmits the coded nuntoer signal/ 
representing the transmitter step producing the maximum received signal r a 
discrete time after receiving the first stage of N test transmissions. In 
one arrangement the discrete time for the coded response may be pseudo- 
randomly selected after each stage. 

In one arrangement a transmitter/receiver is provided with adaptive 
beamf orming for reception and transmission* the arrangement being such that 
separate beamf orming algorithms are provided for transmission and reception. 
Once the transmission or reception beam is formed there may be provided means 
to generate a predicted polar beam response from stored data on the array* the 
predicted polar response serving to provide a direction finding capability. 
When adaptive beamf orming is used for reception and transmission the polar 
response may be produced from both the transmission beamformer and the 
reception beamformer. 

There may be provided means to automatically limit the transmitted 
power radiated in the direction of the beam so as to minimise possible co-site 
interference and the likelihood of unwanted interception. . 
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In an advantageous arrangement where information on the direction of 
the receiver or the transmitter is known the caranunications equipment may be 
provided with beamforming means combining calibrated array and randan phase 
adaptive principles to produce a first calibrated array in the desired or 
known direction and then to apply limited random phase iterations to optimise 
the beam direction. 

The invention will now be described by way of example only with 
reference to the accompanying Drawings of which: 

Figure 1 is a schematic block diagram of a conventional calibrated antenna- 
array for radio transmission or reception; 

Figure 2 is a schematic block diagram of an adaptive transmitter array system; 
Figure 3 is a schematic block diagram of an adaptive receiver array system; 
Figure 4 shows a tree receiving system for beamforming in an adaptive array; 
Figure 5 shows a receiver antenna array system according to the present 
invention; 

Figure 6 is a theoretical graph showing the probability of randomly forming a 
beam of specified gain with the Figure 5 arrangement; 
Figure 7 shows a randan phase algorithm adopted in the Figure 5 receiver; 
Figure 8 shows a transmit beamforming system enploying a random phase 
beamforming algorithm; 

Figure 9 is a timing diagram for the Figure 8 system; and 

Figure 10 shows a block diagram of a combined adaptive transmit and receive 

system. 

Figure 1 illustrates a conventional calibrated array for 
transmission or reception using a beamforming technique to provide a directed 
radiation pattern 10 towards a remote receiver or transmitter respectively. 
As shown an array of five spaced antennas 11 are connected to an array driver 
circuit 12 which provides appropriate phase delays to signals 13 to or f ran 
each antenna 11 in the array such that the beam pattern 10 may be formed in any 
required direction and elevation 14. The array driver 12 adjusts the phase 
of each antenna signal in response to a calibration algorithm in an array 
driver controller 15. The algorithm determines the phases for each antenna 
signal making use of information from a data store 16 on the antenna 
positionsr the frequency/ and the required beam direction and elevation. 
This is done by computing the geometric distances for each array element in 
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the direction of the desired beam, VJith this type of arrangement 
difficulties arise because of the following factors: 

a) positional inaccuracies of antennas; 

b) local obstructions modifying the radiation beam pattern; 

c) phase inaccuracies in the array driver and antennas; and 

d) need to knew the beam direction accurately. 

In an alternative adaptive receiving arrangement the control 
algorithm adjusts the phase of the signals f ran each antenna until a iraxiinum 
received signal is detected. This arrangement does not suffer from the 
above-mentioned limitations of the calibrated array. There isr however* a 
need to distinguish the wanted signal from unwanted interference and thus the 
system can only be used on signals with known waveform characteristics. 

Figure 2 illustrates operation of an adaptive transmitting array. 
The signal to be transmitted is connected to the input 20 of an array driver 21 
_for an antenna array 22. The phases of the transmitted signals to each 
antenna in the array 22 are adjusted by the array driver 21 under control of a 
beam control algorithm 23. Signals received by a remote station are 
connected from a receiver aerial 24 via a receiver 25 to a signal 
discriminating circuit 26 which is responsive to predetermined transmitted 
signals. The output from the signal discriminator 26 is coded (27) then 
connected by a switch 28 to the transmitter via a control radio link 
connecting a radio transmitter 29 at the remote station to a local receiver 
210. The received signal from the local receiver 210 is decoded (211) to 
provide an output signal for controlling the transmitter beamforming 
algorithm to optimise the direction 212 of the beam 213 towards the remote 
receiving station. Conventionally* a very large number of iterative control 
feedback steps are required. 

An adaptive receiving array system shewn in Figure 3 operates in 
similar fashion to the Figure 2 transmitter. Signals from the receiver 
antennas 30 have their phases adjusted by the array driver 31 under control of 
a control algorithm 32 such that the reception beam 33 is formed in the 
direction 34 of an incident signal. A control feedback link connects a 
signal output 35 from the array driver 31 via a signal discriminator 36 to the . 
control algorithm circuit 32. The signal discriminator 36 filters out 
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unwanted interference being received and the control feedback link to the 
control algorithm adjusts the phase of the signals from each antenna until a 
maximum wanted received signal is detected. 

The adaptive array systems for transmission and reception rely upon 
effective signal discrimination and an efficient control algorithm to direct 
the array beam for maximum signal transmission/reception. The antennas of 
the arrays ideally should each have a uniform polar radiation pattern 
(isotropic) such that identical beams can be formed in any direction or 
elevation by suitable adjustment of signal phases from the antennas. In 
practice true omni-directional cover cannot be realised. However at HF 
complete omni-directional cover is not normally required for long wave and 
groundwave communications. Dipoles and (mainly) monopoles are therefore 
used as the principal HF antennas. For the present invention short active 
dipole antennas are used. In an adaptive array each antenna (normally) 
receives the same signal although with a slightly different relative phase. 
The phase correction applied to each element is designed only to produce a 
maximum gain at the output for the desired signal. Other signals arriving from 
all other directions will have a different phase characteristic so these will 
not add coherently and produce a maximum output. If the number of other noise 
signals is large and the phase of each is random then the output noise power 
gain (Pn) of the array will be 10 log(n) dBs, where n is the number of antenna 
elements. 

The wanted signals from each antenna are designed to add coherently 
to produce a maximum output level. The signal gain produced by the array is 

therefore 20 log(n) dBs. 

The signal to noise ratio (Ps/Pn) gain from an array (relative to one 
antenna) will therefore be 10 log(n) provided the number of interferes is 
large and that they arrive from many directions. 

In a transmitting array the phase of each antenna signal will be 
adjusted, in a similar way as receive, to produce a signal which adds 
coherently in the desired direction. The effective radiated power (ERP) 
gain of a transmitting array will therefore also be 20 log(n) dBs. For a 16 
element array the ERP will be 20 log (16) , i.e. 24 dB (or 256 times the power) . 
To form a beam of 10 kw each antenna power amplifier need therefore only 
provide 40 W of antenna drive. 

in the receive array each antenna is connected to a • radio receiver' 
to convert the signal frequency to a conmon Intermediate Frequency (IF). 



K 001662 



8 



After conversion the signal is phase adjusted at the IF before being 'summed 1 
together with all the other antenna signals. The contained output is then 
used by the beamforming algorithm (after signal discrimination) to control 
the phase adjustment to each antenna signal. 

For multiple element receive arrays it can be shewn that the beam gain 
relative to a single antenna can be 20 log(n) where n is the number of antenna 
elements. It can also be shown that the total noise or interference power 
received will be 10 log(n) provided there is large nunfoer of noise sources 
coming from all directions. 2fce signal to noise ratio of the received signal 
from the adaptive array will on average therefore be 20 log(n) - 10 log(n) = 10 
log(n) . This improvement in signal to noise ratio is what could be achieved 
in cmni-directional uniform noise. In practice this figure could be as high 
as the beam gain (20 log(n) ) but this will depend on the precise direction of 
the interference and the polar radiation pattern produced by the array. 

As a transmitting system this array will deliver the maximum ERP in 
the wanted direction with a beanwidth of less than 10° (3 dB). 

The controlling algorithm used in the Adaptive Receiving Array 
system shown in Figure 3 is required to create an optimum beam/ having a gain 
of 20 log(n) (where n is the number of array elements) in the correct direction 
and elevation of the wanted signal given only the waveform characteristics of 
the signal. This waveform characteristic will be 'embedded 1 in the Signal 
Discriminator. This discriminator therefore performs a very important 
function in the beamforming process because if other unwanted interference 
signals are accepted by the discriminator the beamforming algorithm will 
either become 'confused* and try to form two or more beams in different 
directions/ or it will form a beam on an unwanted signal (interferer or 
jammer) in an incorrect direction. 

Given an adequate signal discriminant/ the adaptive receiving system 
must adjust the phase in each antenna receiving circuit to obtain the maximum 
wanted signal output level from the summing network. This can be achieved 
using simple signal feedback techniques. This control feedback can be used 
by the adaptive algorithm to select the best phase adjustment for each antenna 
element to give a greater summed output after making controlled phase 
iterations by monitoring the affects produced on the signal . output level. 

A decision tree algorithm to create an optimum beam can use parallel 
processing to create the final beam with a gain of 20 log(n) r where n is the 
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number of antennas, after log 2(n) iteration and can continually adapt to 
changes in the signal caused by movements in the array or position of 
transmitter etc. 

In this system the array elements are grouped into pairs, so the first 
(n/2) phase iterations can be done in parallel, using all array antennas (n) . 
The ph aS e adjustment mechanism is shown in Figure 4 as the iterative phase 
adjustment algorithm 41 (including signal discrimination) coupling antenna 
pairs 42. The outputs from these antenna pair groups are then combined in a 
similar (43) way to produce a single output signal 44 with an enhanced quality 
and level. 

The main advantage of this system is speed of convergence and an 
ability to provide continuous adaption using a simple algorithm. Also, the 
output from the system is always produced using all the antennas so the output 
level will nearly always be greater than from any one antenna (i.e. >0 dB) even 
before phase adaption has started. For example/ the level will be 11 dB for 50 
per cent or >6 dB for 80 per cent of the time. 

Figure 5 shows a receiver beamforming system which uses a random 
phase algorithm. Signals from antennas Ae lr Ae2. . . Aen are phase adjusted via 
Drivers 51i...51 n by a random phase adjustment algorithm 52 as well be 
described below. The phase-adjusted signals are then summed (53) and the sum 
output 54 is fed back to the adjustment algorithm by a controller 55. In this 
arrangement the phase adjustment (D) at each antenna Ae n ) is randomly chosen 
and the output level (after signal discrimination) is measured. This is 
repeated many times ( say 100) before the phase of each array element is chosen 
which produces the highest signal output level. 

The principles of operation for this technique are based on the 
probabilities of randomly forming a beam of a specified gain in any given 
direction, (for any frequency or array configuration) . This probability, 
given in Figure 6, is shown as the cumulative probability density function 
(PDF) of beam gain for a given random phase change at each antenna. For 
example, a beam gain of 10 dB or more can be achieved for nearly 60 per cent of 
occasions (Point A) , but a gain of 15 dB can only be achieved for 20 per cent of 
the time (Point B) . 
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Given these probabilities for a single event it is possible to 
calculate the probability of achieving a very high gain (say >20 dB) after 
many such attempts, ihis can be determined using the binomial theorem. For 
example, from Figure 6 it can be shown that the probability of randomly 
obtaining a beam gain of >=20 dB with one attempt is about 0.002 (Point C). 
From the binomial theorem it can be determined that after 1000 attempts there 
is a 90 per cent chance of getting one or more events where the gain will be 
>=20 dB. If the number of attempts is reduced, to say 100, this probability 
falls from 90 per cent to 20 per cent. 

Further analysis has shown that this particular random phase 
algorithm will not always be able to produce a beam of acceptable gain, even 
when a 1000 attempt algorithm is used because the gain will always be between 
about 18.5 63 and 21.5 dB. 

To overcome this limitation a modified random phase algorithm has 
been devised, and this is shown in Figure 7. In this algorithm the highest 
beam gain obtained by the first 100 (say) random phases in a first iteration 
loop, is 'fine tuned' by 3 more iteration loops, (each with a successively 
smaller random phase variation) to maximise the gain. The optimum nunber of 
phase iterations for each loop has been found to be about 100, and the best 
phase variations for each loop are±180o, ±900, +60° and±40o. These figures 
yield the best beam gain for the smallest total number of loop iterations. 

As can be seen in Figure 7 the random phase algorithm starts with 
antenna phase within the range ±1800(70) . In a first loop 71 the phase is 
adjusted one hundred times (72) and the output is monitored during the hundred 
iterations. The phase corresponding to the maximum signal output is then 
selected (73 ) . In a second loop 74 the selected phase is randomly altered one 
hundred tiroes (75) within the limits±90o (76) . In a similar manner the phase 
corresponding to the maximum output signal in the second loop is selected 
(77). Third and fourth iteration loops (78 -711, 712 -715) randomly alter 
the respective selected phases by +6O0 and ±40o. The final selected phase 
(715) is used to form the beam (716) and can be used (717) to provide a 
prediction of the polar response of the array. The improvement achieved 
after each loop can be seen from the following figures which give the range of 
gain achieved after each iteration loop: 
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Loop No 

1 
2 
3 



Gain (dB) 

16 - 22 
18.5 - 23 
20 - 23.5 



4 21 -23.7 

After four loops of the algorithm the polar radiation pattern of a 16 antenna 
array was shown to be alnost identical to the opting. Alteration of the 
total nunber of iteration steps from 400 to 200 showed a drop in mim gain 
achieved of about 2 dB while doubling the number of iterations to 800 produced 
an increase in gain of about 1 dB. Since the algorithm convergence time is 
proportional to the number of steps, 400 is considered optimal. This 
algorithm has a considerable advantage over a decision tree algorithm when 
operating with very weak signals in a background of high interference. This 
occurs because a beam of quite high gain (between 16 dB and 22 dB) will always 
be generated by the first iteration loop (±1800) irrespective of .the signal 
direction or quality. The signal discriminant, which selects the best 
iteration output during each algorithm loop, will therefore be operating with 
a signal of enhanced signal to noise level and so performance of the system 
under all conditions will be nearly optimal. With the decision tree 
algorithm the signal discriminator works initially with only two antenna 
inputs, giving a maxi^ gain of only 6 dB and very little improvement in 
quality because the beam it produces is so poor. 

Figure 8 shows how a transmitting beamf orming system can be arranged 
using the random phase algorithm as could be applied to ship/shore 
creations. Integers similar to those shown in Figure 2 are represented 
by like reference numerals. A shore antenna array 22 is shown transmitting 
to a ship-board receiving antenna 24. The requirement is for the shore 
transmitter to form the optimal gain beam in the correct direction and 
elevation) of the receiving ship. If the shore transmitter array is a 
•calibrated' system the beam (of suboptimal gain) can be directed (by the 
operator) at the ship if the exact direction and elevation are known. With a 
random phase control algorithm this is not required because the . beam is 
automatically formed, irrespective of the direction and range oft*e ship. 
However, to form this beam it is necessary to have a beam control £ eeoback link 
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80 from the ship to the transmit control algorithm 81 as shewn in Figure 8 . To 
form the beam the transmitting system must f ollow the Fandcm Phase Algorithm 
shown in Figure 7 and the ship must respond (via the feedback control link) by 
selecting the phase iteration, in each loop, which gives the highest 
receiving signal. This routine is shown in more detail in Figure 9. 

During the first iteration loop 90 the beamf orming algorithm must 
vary the phase of the transmitted signals in every array element within the 
range ± 180o (i.e. totally randomly) for each of the hundred steps. The 
initial loop can therefore be used as a broadcast to all receiving stations 
because the beam gain performance (i.e. 16 to 22 dB) is achieved irrespective 
of frequency, direction, elevation or array configuration. Any ship can 
therefore respond, by means of control 82, to this 'broadcast' transmission 
by ' returning' a coded signal 83 over the control link 80 if a communications 
circuit is required, as shown in Figure 8. As shown by way of example 
(Figure9) the transmitter transmits each iteration loopl-4 of 100 steps (90- 
93) in a 1 sec time period with the time Tp=10ms allocated to each iteration 
step. Between iteration loops the transmitter is quiet for a period Td 
awaiting a coded signal 94 corresponding to the iteration step number N (0< N< 
101) giving the maximum received signal at the ship. The signal 94 codifies 
(95) the appropriate step number (2 as shown here) . The coded signal 94 is 
transmitted from the ship to shore via the feedback control link 80 . The step 
nuntoer is then decoded 210 and provides the selected phase for the start of the 
second loop of the phase algorithm (91). Toe shore transmitter beamf ormer 
will then be able to create a beam of modest gain (between 16 and 22 dB) 
directed at the ship and can then go on to improve the beam gain by using the 
2nd, 3rdand4thiterationloopsequences (91-93). The choice of 100 iteration 
steps per sec depends upon the bandwidth of the system. With a wider 
bandwidth a faster rate can be selected and visa versa. 

After the 4th iteration loop the ERP gain of the transmitter beam will 
always be greater than 21 6B. The predicted response 84 calculated by 
computer based on the array model 85 can then be used to determine the 

direction of the ship. 

The ship's system (Figure 8) (in this example) includes switches 86, 
27 between the control and the receiver (Rx) and transmitter (Tx) for 
respectively connecting received user data 87 for storage/display and ships 
user data 88 for transmission to shore for storage/display (89) . The delay 
Tr between shore transmission 90-93 and ship' s response 94 canbemadepseudo- 
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ranoo. to ^ steps of the first broadcast transmission 90 can 

r^Tr^ c^n or 1 * Pernio but = ag e aelay between 

For point fc °P° in ' durin beamforming (and curing 

iteration will be >400 W and after the 4th iteration 



w. 



^re^^-in^reXOUproa^eain^tbesa. 
..aTr^Tor Figure 8 (ana in Figure 9> but the receive beaaformnoiS 
aaaptive algori*. <i.e. aecision tree or — 
£a Z the ship transaissi**. as^« ^ ^ 

in the Figure 10 arrangenent integers previousy 
refers to Figures 2 an, 8 are f^^^^ZL 

b ean forrung * a pced i=ted receive tea® polar 

° ^ ^ !07 tter^e the connection of transit 

response (105) . S ^*"^V c^ion of receive data from the 

** t0 ZTZl^lZtZ TsL input 108 ana the ejection of 
.ecervebearfor^ 102to adu* » ^ ^ w ^ tcansBitter 

feedback control signals f ran tne snw . £ clacl ty 

be^or^al^ sh^insb^a»t^l09. jr^ 

«*»» - d ^ i " 9 t 0 lir^ rUt^oZt to^rove « 
^^^^^^^tterp^scsnbeu^a. 

cotanunications to the snip «w u rt . o£ interception or 

a^thenarro.^a^Hxante^bea^ca.reaucethethreatof ^P 

transr.it and receive becoming systems. bean£orming at both 

Normally it will be more advantageous to employ beamf orming 
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ends of the communication link since this will increase the ERP of 
transmission and improve the received signal to noise ratio at the receiver. 

The beams formed by antenna arrays according to the invention should 
offer significant inprovements in communication performance because they 
will maximise the RF power efficiency on transmission and increase the signal 
to noise ratio of signals on reception. 

On transmission/ the signal power can now be significantly greater 
than the power of the radio transmitter because the beam gains produced by the 
array will increase the Effective Radiated Power (ERP) . Furthermore/ the 
direction of this signal power can be precisely controlled/ as a 'narrow' 
energy beam/ and be transmitted in the exact direction (and elevation) of the 
receiver. The eff iciency of transmission will therefore be significantly 
greater than existing systems in which the signal power is (normally) 
transmitted omni-directionally/ but in practice/ for example/ radiation 
nulls of up to 30 dB can sometimes occur/ particularly on ships. 

ttiis inprovement in radiation efficiency is not only beneficial 
because it inproves the received signal to noise (by transmitting'more signal 
power) but because it can use less transmitter power to achieve it. This can 
reduce co-site interference and also improve LPI/ particularly when coupled 
with Automatic Radiation Power Control. Interception will also be more 
difficult because most of the signal power is transmitted in one specific 
direction/ as a narrow beam/ with very little power transmitted elsewhere. 

On reception/ an adaptive receiving array will enhance the wanted 
signal level and simultaneously reduce the total received interference (or 
janming) level. 'This will improve the received signal to noise quality by 
(on average) about half the beam gain. This improvement can be increased 
still further if it is used in conjunction with transmit beamf orming. This 
additional improvement will be proportional to the effective increase in 
transmitter pcwer. 

Receive beamf orming can also improve LPI because the transmitting 
power can now be reduced by about half the receive beam again/ i.e. the same as 
the improvement in received signal to noise ratio. An Automatic Radiated 
Power Control facility should therefore become an integral part of the 
beamforming system because it can improve LPI and . reduce co-site 
interference. Alternatively/ if used as a jamming countermeasure/ this, 
system is able to offer an increased AJ margin because the transmitted signal 
ERP can be significantly greater than the available Tx power and the received 
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signal to jmer ratio will be improved because the receive beam will 

attenuate the jammer power level. 

Typically the power gain for a 16 element transmitting array will be 
about 23 dB or a 200:1 increase in power, relative to one antenna. The power 
to each antenna might only be 100 W but the transmitter signal will be 20 ». 
in a jaimdng environment the transmit system will therefore yield an KJ gain 
of about 11 dB (since the total transmitter power available is 1.6 kW). 
Receive beamf orming can increase this margin by a further 23 dB but this will 
depend on the direction of the janrcer and the polar radiation pattern of the 
array. 

in a normal, non-jamming, environment a complication circuit may, 
for example, only need 50 W of transmitter power so the power to each antenna 
can be reduced to 250 nW. The total RF transmitter power therefore neeo is 
now only 4 W» or less than -10 dB. The overall reduction in co-site 
internodulation products will therefore be >30 dB (for 3rd order or higher 
products) and intercept will be much more difficult than before. 

Conventional beamformers use sophisticated algorithms, for example, 
by use of a least means squares iterative approach. Once such conventional 
algorithms have a bad start point - they cannot recover. With the random 
phase approach of the current invention there is a high probability of forming 
a relatively high gain beam in the correct direction. Thus the system will 
work under bad conditions. The system also requires no a priori knowledge of 
the arrays or of the required direction. Thus the system should be 

relatively simple and cheap. 

The polar radiation field produced by a beamforming adaptive array 
will vary with frequency and/or the size of the antenna array. Generally, 
the lower the frequency or the smaller the array, then the broader the 
radiated beam will become and the 'smoother- the overall response. 

Variation in the radiated pattern shape and beamwidth can therefore 
be achieved if the size of the antenna array can be altered to suit the 
operational frequency. On shore this is not a problem because a large number 
of antennas can be used (with only some of the antennas being used at any one 
time) and the correct grouping and overall size of the antenna array can be 
altered to suit the operational needs. Unfortunately, ship-board antenna 
systens will never have the same degree of flexibility as those on shore 
because of the limited area available but it can be shown that a nooest 
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increase in antenna array size can provide adequate (narrow beam) forming 
performance above 6MHz. At lower frequencies beamwidth may not be so 
critical anyway because the system could be used exclusively for groundwave 
conmunications (ie local broadcast/net) . For example, at just below 4 MHz 
the radiated pattern is very broad, although still directional, and at even 
lower frequencies the signal becomes a high gain omnidirectional groundwave 
signal, with a low elevation angle (less than 30o). 

It can be shown that, provided the antenna elements are sensibly 
dispersed, the polar radiation patterns are generally insensitive to array 
variations and a good beam performance can generally be obtained irrespective 
of array antenna disposition. However, for the smaller ship array it has 
been shown that a better (narrow) beam performance can be obtained if the 
antennas are more evenly placed in the deck area available. 

A very important characteristic of beamf orming antenna arrays will 
be the frequency bandwidth of the ESP in the wanted direction. Having formed 
a beam on a given carrier frequency and direction, the phase co-efficients 
derived by the control algorithm for«eacb eu:ray element will-normally become 
fixed (provided the array is stationary and the wanted direction remains the 
same) . If the frequency of this signal is changed (ie offset from the 
original carrier) the beam gain will be reduced because the antenna geometry 
and phase coefficients are only exactly correct for the original frequency. 
This fall in ERP gain will be in proportion to the change in frequency and also 
to the antenna array size (relative to the carrier frequency) . It has been 
shown that a change in working frequency of ±10 per cent variation at 3.8 MHz 
produces a negligible change in the radiation pattern gain whereas at 15 MHz 
there may only be a little change in the shape of the pattern but there is a 
drop of nearly 3 dB in the ERP gain of the beam. This is a very important 
characteristic because if very narrow beams are used then the working 
bandwidth will be considerably reduced. For conventional communications 
(3KHz BW) this affect will be negligible and very large array sizes, producing 
very narrow beams, are fully acceptable. But for wideband or frequency 
hopping waveforms (2to3MHzBW) this effect will be critical so the array size 
(relative to operational frequency) will have to be limited and so therefore, 
will the narrowness of the beamwidth. 

The beamforming algorithm according to the present invention will 
(automatically) always produce a beam of maximum gain on the desired signal 
coming from any direction. The selection of the desired signal is decided by 
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a special signal discriminator. Barf*, auto»tlcally fonm* £ 
c^er mrfel (with errors) of the antenna array can be ^-*«^ 
UL, vitl, the phase array output from the control algorrtb* topro*>=ea 
S i ^polar <^Uu response. 

Le same as the array response because the phasing signals produced by the 
control algorithm will have taken Into account any 'errors, between the 
cTculated antenna positions and the acts* positions (ie «*J0o o t V4> . 
Rioted respo^ehas been s^tobe^ginaUyaiKerent to the acW 

^aaiauon^m. Xn e^aticn this will have litUe offset . tte 

^ , _ a car still easily identity tne 

performance of the system Deeua*>« an «pe»~c~ » — * 

(true) beam direction. 

n» advantages of this direction finding system are that an optimal 
heam will always be automatically f ormed on the desired signal and tte 
operator can determine the direction and elevation of the beam usmg the 
TZZiUm response. ^ disaovantages of a non^ calibrated sy*» 
are that It can c^y stert te create the idea! beam on the ^ 
canalreadyreceiveitbeforehavingformedthebeam. Hrwever. this pt*lem 
has been resolved by ranfcmly varying the phese controls until a gcrf wanted 
sigM l is detected. However, the signal discriminant must be as good as 
JriMe because any stronger un-anted signals may 'capture- the system and 
^ bTaJLm the desired si^al direction. *>e disadvantage of 
^^ttcular system can be overcome if Calibrated and adaptive Array 
ere Jined. *e system could first wor* as a Calibrated"^ 
a be» « the wealc wanted sicpal and than a limited phase Ci goo> 
adlive algorithm could then be used to create ^ide^bem. at maxi-m, gain. 
Xst-w^d resist ja^by other signals^couid^ra^v^ 

weak signals but it would not be fully automatic smce it rmjulte .the 
operateHo inltally "steer" the heme to the correct direction andeleration. 

arranger is especially ad™ntege«s fusing the system 
r sCl interception because the listener m^ **» the direction of the 
source but mi be unsure of the Iff* waveform (and tterefore the 
appropriate signal discriminant). 
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1. A conmunications equipment including an adaptive transmitter 
beamf onning equipnent for connection to an array of antennas in a high 
frequency communications system comprising; 

a) a hi# frequency transmitter having an input for receiving a test signal 
to be transmitted ana an output arrangement for providing a plurality of 
identical signals for transmission; 

b) means to independently adjust the phase of each output signal; 

c) means for connecting the phase-adjusted signals to respective antennas 
in the array; 

d) means to initialise the phases to zero; 

e) means to randomly set the phase of each output signal within 
predetermined limits of the initialised phases; 

f) means to repeat step d) a number (N) of times; 

g) remote receiver means to determine which one of the randan phase sets (N) 
produces the maximum xeceived . jsignal .and -to .produce ^a -.coded ..signal 
representative of that one nurrber; 

h) means to transmit the coded signal to the high frequency transmitter; 

i) means to decode the number signal and to initialise the phases to the 
phase set producing the maximum signal at the remote receiver; 

j) means to set a lower predetermined limit for the phase adjustments; and 
k) means to repeat steps e) to j) to successively improve the focus of the 
transmitter beam towards the receiver. 

2 . An adaptive receiver beamf orming equipment for connection to an array of 
antennas in a high frequency ccmnunications system comprising: 

a) a high frequency receiver having a plurality of inputs for receiving 
signals produced by respective antennas in the array in response to a remote 
transmission; 

b) means to independently adjust the phase of each antenna signal; 

c) means for connecting the phase-adjusted signals to the receiver; 

d) means to initialise the phases to zero; 

e) means to randomly set the phase of each output signal within 
predetermined limits of the initialised phases; 

f) means to repeat step d) a number ;(N) of times;* 

g) means to determine which one of the randan phase sets (N) produces the 



19 



maximum received signal; 

h) means to initialise the Erases to the phase set producing the maximum 
received signal; 

i) means to set a lower predetermined limit for the phase adjustments; and 
j) means to repeat steps e) to i) to successively focus the receiver beam 
towards the transmitter. 

3. An adaptive beamforming equipment as claimed in claim 1 or 2 wherein the 
arrays for transmission and/or reception are formed from a plurality of 
wideband dipoies or monopoles. 

4. An adaptive beamforming equipment as claimed in claim 3 wherein the 
number of steps (N) in each iteration phase is 100. 

5. An adaptive beamforming equipment as claimed in claim 3 or 4 wherein the 
limits for the phase adjustments in the iteration phases are successively set 
at ±1800; ±90O; ±60O and +40°. 

6. An adaptive beamforming equipment for communications transmission as 
claimed in any one of claims 1 or 3 to 5 .wherein the remote receiver includes: 
a signal discriminator selectively responsive to the transmitter test 
signals and the remote receiver transmits the coded number signal, 
representing the transmitter step producing the maximum received signal, a 
discrete time after receiving the first stage of N test transmissions. 

7. An adaptive beamforming equipment as claimed in claim 6 wherein the 
discrete time for the coded response is pseudo-randomly selected after each 
stage. 

8. A communications system including an adaptive antenna array for both 
transmission and reception as claimed in any one of claims 1 to 7. 

9. A ccsmunications system as claimed in claim 8 wherein a 
transmitter/receiver is provided with adaptive beamforming for both 
reception and transmission, the arrangement being such that separate 
beamforming algorithms are provided for transmission and reception. 

10. A communications system as claimed in claim 9 wherein a random phase 
beamf ormer is used for one mode, transmission or reception, and a decision 
tree beamformer is used for the second mode. 

11. A ccmnunications system as claimed in claim 10, the arrangement being such 
that once the transmission or reception beam is formed there is provided means 
to generate a predicted polar beam response from stored data on the array, the 
predicted polar response serving to provide a direction finding capability. 
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12. A corcnunications system as claimed in claim 11 polar responses are 
produced from both the transmission beamformer ana the reception beamformer. 

13. A conmunications system transmitter including adaptive beamfonning as 
claimed in any one of claims 1 or 3 to 12 wherein there is provided means to 
automatically limit the transmitted power radiated in the direction of the 
beam so as to minimise possible co-site interference and the likelihood of 
unwanted interception. 

14. a connunications system as claimed in any one preceding claim wherein 
there is included a ccntoined calibrated array ana adaptive phase algorithm 
such that where information on the direction of the receiver or the 
transmitter is known the connunications equipment is provided with 
beamf orming means to produce a first calibrated array in the desired or known 
direction and then to apply limited random phase iterations to optimise the 
beam direction. 
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